Previous studies have established that a fluorescent analog of ceramide, N-[7-(4-nitrobenzo-2-oxa-1,3-
Lipid traffic at the Golgi complex has been studied using a fluorescent analog of ceramide, N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)]-6-aminohexanoyl-D-erythro-sphingosine (C6-NBD-Cer; for review, see refs. 1 and 2). This molecule vitally stains the Golgi apparatus of cells (3) and, in combination with fluorescence video imaging, has been used to study the dynamics of this organelle in living cells (4) . C6-NBD-Cer is metabolized to the corresponding fluorescent analogs of sphingomyelin and glucosylceramide (5) (6) (7) (8) (9) (10) , and these metabolites are subsequently sorted (9, 10) and transported (5-7, 9, 10) to the plasma membrane by a vesicle-mediated process (6, 7) analogous to the movement of proteins along the secretory pathway (11) .
Although the mechanism for accumulation of C6-NBD-Cer at the Golgi apparatus is unknown, studies with related compounds showed that the 3-hydroxy group of sphingosine and a region of the fatty acid are critical for accumulation of these analogs at the Golgi apparatus (8) . In addition, C6-NBD-Cer stains the Golgi apparatus offixed cells, most likely through interaction(s) with endogenous lipids (12) .
In the present study, we examined the effects of cholesterol deprivation on C6-NBD-Cer labeling of the Golgi apparatus. Growth of cells under conditions of cholesterol deprivation dramatically decreased the photostability of C6-NBD-Cer at the Golgi apparatus, whereas repletion of cellular cholesterol reversed this effect, suggesting that this lipid may be used to assess the presence of cholesterol at this organelle in situ. Cell Culture. Normal (GM5659B) human skin fibroblasts (HSFs) were obtained from the Coriell Institute, Human Genetic Mutant Cell Repository, Camden, NJ, and grown in Eagle's minimum essential medium (MEM) supplemented with 10%o (vol/vol) FBS, 2 mM L-glutamine, penicillin (100 units/ml), streptomycin (100 ,g/ml), and nonessential amino acids, each at 0.1 mM (FBS medium). Chinese hamster ovary (CHO-Kl) fibroblasts (American Type Culture Collection CCL 61) and Chinese hamster V79 lung fibroblasts (13) were grown in medium containing FBS as described (14) .
MATERIALS AND METHODS
Cholesterol Deprivation and Repletion. Control cells. HSFs were grown in FBS medium for 4-6 days prior to each experiment.
Cholesterol deprivation. HSFs maintained in FBS medium were trypsinized, pelleted, and grown in McCoy's 5A medium supplemented with 5% (vol/vol) LPDS, 2 mM L-glutamine, penicillin (100 units/ml), and streptomycin (100 ,g/ml) (LPDS medium) for 7 days. The cells were then trypsinized, plated, and grown in LPDS medium for 4-6 additional days prior to each experiment. In some experiments, the LPDS medium was replaced with LPDS medium containing 5 ,uM compactin 24 hr prior to the experiment.
Cholesterol repletion. Cholesterol-deprived HSFs were supplemented with LDL (50 ,ug/ml) for 24 hr prior to the experiment. In some experiments, the LPDS medium on cholesterol-deprived HSFs was replaced with LPDS medium containing 20 mM mevalonate or cholesterol (50 pg/ml) for 24 hr prior to the experiment. In another experiment, cholesterol-deprived HSFs were grown for the 18 hr preceding the experi'ment in LPDS medium containing 500 ,uM cycloheximide and LDL (50 'ug/ml) was added 6 hr prior to the experiment.
For cholesterol deprivation of CHO-Kl and Chinese hamster V79 fibroblasts, the FBS medium was replaced after 1-2 days in culture with LPDS medium and the cells were grown for 1-2 additional days prior to the experiment.
Incubation of Cells with Fluorescent Lipids. Complexes of C6-NBD-Cer or C5-BODIPY-Cer and defatted bovine serum albumin (DF-BSA) were prepared in 10 mM Hepes-buffered MEM '(pH 7.4) without pH indicator but containing 0.5 mM choline, 0.5 mM ethanolamine, 0.5 mM serine, and 0.5 mM myo-inositol (HMEMB) (8) (17) and the values were normalized to cell protein (18) . To determine the amount of cell-associated fluorescent probe, cells treated with C6-NBD-Cer were scraped from the dish, pelleted, washed three times with HMEMB, and resuspended. Aliquots were removed and either treated with 2% (vol/vol) Triton X-100 for fluorescence determination or analyzed for protein content (18) . The relative fluorescence intensity of the detergent extracts was measured and the lipid concentrations were determined by reference to fluorescent lipid standards by using an SLM-8000C spectrophotofluorimeter (SLM Instruments, Urbana, IL). For analysis of C6-NBD-Cer metabolism, control or cholesterol-deprived cells were incubated for 30 min at 2°C with C6-NBD-Cer, washed, and incubated for 30 min at 37°C prior to lipid extraction and analysis as described (6, 7, 19 (Fig. la) . When cells were grown in LPDS medium (cholesterol deprivation) rather than FBS medium, labeling of the Golgi apparatus was substantially reduced (Fig. lb) . A similar result was obtained when cells were grown in LPDS medium containing 5 ,uM compactin (see Table 1 ). (22) with 20 mM mevalonic acid for 24 hr (Table 1) .
Results similar to those in Fig. 1 Fig. la (data not shown) . Perforation and treatment with buffer alone also did not affect the labeling pattern (Fig. 2a) . However, cholesterol oxidase treatment of perforated cells virtually eliminated the C6-NBD-Cer staining of the Golgi apparatus (Fig. 2b) Fig. 2 can be explained by a redistribution of C6-NBD-Cer to other intracellular membranes or by an alteration in the fluorescence properties of C6-NBD-Cer at the Golgi apparatus after oxidation of cholesterol.
We examined the effect of cholesterol deprivation using C5-BODIPY-Cer another analog of ceramide that accumulates at the Golgi apparatus (20) but has greater photostability than NBD and a 2-to 3-fold higher fluorescence yield (23). Cholesterol deprivation had no effect on C5-BODIPY-Cer staining of the Golgi apparatus (Fig. 3) , in contrast to cells treated with C6-NBD-Cer (Fig. 1 a and b) , suggesting that the results obtained with C6-NBD-Cer were unique to NBD. Furthermore, when cells treated with C5-BODIPY-Cer were perforated and treated with cholesterol oxidase, no changes in either the distribution or intensity of fluorescence at the Golgi apparatus were observed (data not shown).
The contrasting results obtained with C6-NBD-Cer and C5-BODIPY-Cer in cells grown in FBS medium or LPDS medium (Figs. 1 and 3) suggested that the photostability of C6-NBD-Cer at the Golgi apparatus might be affected in cells grown in medium containing LPDS. To test this possibility, we first quantified NBD fluorescence at the Golgi apparatus after various periods of exposure to full illumination as normally used during photomicroscopy (as in Fig. 1 ). Cells treated with C6-NBD-Cer were irradiated for 0.25 sec with full illumination after which the exciting light was attenuated and the intensity of fluorescence at the Golgi apparatus was determined. This process was repeated on the same cell to obtain the data shown in Fig. 4a , in which the fluorescence at the Golgi apparatus decreased much more rapidly when cells were grown in LPDS medium rather than FBS medium.
We also used quantitative fluorescence microscopy to measure the rate of photobleaching of C6-NBD-Cer at the Golgi apparatus of cells during illumination at low light levels (Fig. 4b) . The photobleaching rate of C6-NBD-Cer in cholesterol-deprived cells was greatly accelerated (t4/2 [5] [6] sec) compared to control cells (t4/2 25 sec). The initial fluorescence present at the Golgi apparatus of cholesteroldeprived cells was -85% that of control cells, consistent with the decreased uptake of C6-NBD-Cer in the cholesteroldeprived cells. Photobleaching of control cells labeled with a lower concentration of C6-NBD-Cer (to elicit initial fluorescence measured at the Golgi apparatus equal to that of cholesterol-deprived cells) was not greatly accelerated (data not shown), demonstrating that decreased uptake in cholesterol-deprived cells was not responsible for the increased photobleaching rate.
The difference in photobleaching kinetics shown in Fig. 4  a and b probably accounts for the results shown in Fig. 1 a and b since relatively long exposures (4 sec) under full illumination (as used for Fig. 4a ) were required to produce these photomicrographs. Indeed, although C6-NBD-Cer fluorescence at the Golgi apparatus of cholesterol-deprived cells could not be readily photographed by conventional fluorescence microscopy, C6-NBD-Cer fluorescence was detected at both the Golgi apparatus and other intracellular membranes of both control and cholesterol-deprived cells when observed at low light levels with an image-intensifying camera (data not shown). The presence of C6-NBD-Cer at the Golgi apparatus of cholesterol-deprived cells was also inferred by its unhindered metabolism to sphingomyelin (8.4 ± 1.0% in control vs. 11.1 ± 0.6% in cholesterol-deprived cells; n = 3) and glucosylceramide (42.2 ± 5.1% in control vs. 37.2 + 2.4% in cholesterol-deprived cells; n = 3), since these reactions occur at the Golgi apparatus (24) (25) (26) (27) (28) (29) .
We examined photobleaching of C6-NBD-Cer at the Golgi apparatus of cholesterol-deprived cells after treatment with LDL for 0-36 hr (Fig. 4c) . The rate of NBD photobleaching in cells grown in LPDS medium decreased -5-fold during the 36 hr of incubation with LDL. We conclude that the C6-NBD-Cer photobleaching rate reflected changes in the environment of the fluorophore at the Golgi apparatus that resulted during incubation of cholesterol-deprived cells with LDL.
Finally, we note that although changes in the photobleaching rate of C6-NBD-Cer at the Golgi apparatus appeared to be correlated with alterations in membrane environment induced by cholesterol deprivation, replication of this phenomenon by using liposomes containing C6-NBD-Cer and simple or complex lipid mixtures in the absence or presence of cholesterol was not obtained (data not shown). This result indicates that the environment of the NBD fluorophore at the Golgi apparatus could not be readily duplicated in model membrane systems and may imply role(s) for other Golgi membrane components, including proteins.
Cell Biology: Martin et al. 24 hr prior to the experiment, some cultures were supplemented as indicated. Cells grown and supplemented as indicated were incubated with C6-NBDCer, and Golgi apparatus labeling was evaluated as follows: +, as in Fig. 1 a and c; -, as in Fig. lb . Values for LPDS medium plus cholesterol may be abnormally high because cholesterol adsorbed nonspecifically to cells and the culture dish. Cholesterol data are the mean ± SD.
DISCUSSION
We have shown that labeling of the Golgi apparatus by C6-NBD-Cer was markedly reduced when cells were cultured under conditions of cholesterol deprivation. The diminution in fluorescent labeling of this organelle was not due to a decrease in cellular uptake of the probe or to a substantial decrease in its accumulation at the Golgi apparatus. Rather, the apparent decrease in labeling of the Golgi apparatus by C6-NBD-Cer was primarily the result of accelerated photobleaching of the NBD fluorophore in the cholesterol-deprived cells. This conclusion is supported by experiments using C5-BODIPY-Cer, which also accumulates at the Golgi apparatus but is more photostable than C6-NBD-Cer and showed no difference in the labeling of the Golgi apparatus of control and cholesterol-deprived cells.
Labeling of the Golgi apparatus by C6-NBD-Cer in cholesterol-deprived cells was restored when cellular cholesterol was elevated by any of three methods, including incubation of the cells with LDL, stimulation of endogenous cholesterol biosynthesis, or addition of nonlipoprotein cholesterol to the culture medium. Since several hours were required before changes in C6-NBD-Cer labeling of the Golgi apparatus were detected, we cannot exclude the possibility that their effects on Golgi apparatus labeling were indirect, rather than a direct consequence of an increase in cholesterol at the Golgi apparatus. However, cholesterol oxidase treatment of perforated Initial fluorescence at the Golgi apparatus was quantified using brief attenuated iUlumination of the specimen. The sample was then irradiated for 0.25 sec with unattenuated ("conventional") illumination as required for photomicroscopy (e.g., in Fig. 1 ). This procedure was repeated on the same cell for the indicated number of exposures. (b) The fluorescence intensity at the Golgi apparatus was continuously recorded vs. time with attenuated (low light level) illumination. For these measurements, samples were briefly focused at low light levels (3-OD-unit filter in the light path). During this time, three regions (3 x 3 pixels per region) ofthe Golgi apparatus and one region outside the cell (for background subtraction) were selected for quantitation. The exciting light intensity was then increased (2.5-OD-unit filter in the light path) and the intensity within each region was measured at 0.1-sec intervals. The data were then plotted as a percent of initial fluorescence, after background subtraction, as a function of time. (Each data point represents the mean of the fluorescence intensities within the three regions of the Golgi apparatus of five cels.) (c) Cels grown in LPDS medium were cultured for 0-36 hr with LDL (50 ug/ml) prior to incubation with C6-NBD-Cer. The fluorescence intensity at the Golgi apparatus was then recorded and plotted as in b, and the half-time for photobleaching was calculated. Each data point represents the mean SD of half-times obtained from measurements of four cells. cells grown in FBS medium and prelabeled with C6-NBD-Cer resulted in rapid abrogation of Golgi apparatus fluorescence, suggesting a direct involvement of cholesterol. Since no decrease of fluorescence was detected when C5-BODIPYCer rather than C6-NBD-Cer was used in this experiment, the loss of NBD fluorescence appeared to be the result of accelerated photobleaching of the NBD probe. These data suggest that an intracellular pool of cholesterol, most likely at the Golgi apparatus, modulates the photostability of the NBD fluorophore at this organelle. The presence of an intracellular pool of cholesterol at the Golgi apparatus is consistent with previous studies using filipin, the fluorescent polyene antibiotic that labels the Golgi apparatus (30, 31) and is known to form complexes with cellular cholesterol (32, 33) . In addition, labeling with filipin appears to inhibit subsequent C6-NBD-Cer labeling of the Golgi apparatus (12) , although considering the present data, this apparent block could be due to enhanced C6-NBD-Cer photobleaching.
Although the changes in C6-NBD-Cer staining of the Golgi apparatus of cholesterol-deprived cells were quite obvious ( Fig. 1 a and b) , the corresponding changes in cellular cholesterol were relatively small (Table 1 ). This suggests that the photobleaching properties of C6-NBD-Cer were particularly sensitive to the cholesterol content of Golgi membranes and/or that the change in the size of the cholesterol pool at the Golgi apparatus under the various culture conditions was significantly greater than that inferred from measurements of cellular cholesterol. As techniques for obtaining highly purified Golgi membranes from cultured cells are developed, it should be possible to resolve these points.
In summary, the photobleaching of C6-NBD-Cer described here not only should be important in interpreting data on the morphology and dynamics of the Golgi apparatus but also may be used for monitoring cholesterol at this organelle. This latter application may be particularly useful in studies of mutant cells with potential defects in cholesterol accumulation or transport through the Golgi complex.
